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ABSTRACT
We search the cool core galaxy clusters in the REXCESS sample for evidence of large scale
gas sloshing, and find clear evidence for sloshing in RXJ2014.8-2430, the strongest cool core
cluster in the REXCESS cluster sample. The residuals of the surface brightness distribution
from the azimuthal average for RXJ2014 show a prominent swirling excess feature extend-
ing out to an abrupt surface brightness discontinuity at 800 kpc from the cluster core (half
the virial radius) to the south, which the XMM-Newton observations confirm to be cold, low
entropy gas. The gas temperature is significantly higher outside this southern surface bright-
ness discontinuity, indicating that this is a cold front 800 kpc from the cluster core. Chandra
observations of the central 200 kpc show two clear younger cold fronts on opposite sides of
the cluster. The scenario appears qualitatively consistent with simulations of gas sloshing due
to minor mergers which raise cold, low entropy gas from the core to higher radius, resulting
in a swirling distribution of opposing cold fronts at increasing radii. However the scale of the
observed sloshing is much larger than that which has been simulated at present, and is similar
to the large scale sloshing recently observed in the Perseus cluster and Abell 2142.
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1 INTRODUCTION
Cold fronts around the central cores of relaxed cool core clusters
have been well studied with Chandra (see Markevitch & Vikhlinin
2007 for a review), where the high surface brightness allows
them to be easily resolved. These cold fronts are believed to
be formed due to the sloshing of the cold cluster core as it re-
sponds to the gravitational disturbance created by an infalling sub-
cluster’s dark matter halo during an off-axis minor merger, as
has been simulated by, for example Tittley & Henriksen (2005),
Ascasibar & Markevitch (2006) and Roediger et al. (2011). The
simulations of Ascasibar & Markevitch (2006) predict that the geo-
metric features of older cold fronts should propagate outwards into
the lower pressure regions of the cluster as they age. This is be-
cause, while the low entropy sloshing gas originally forming the
cold front falls back to the centre, it is replaced at the front by
higher entropy gas from larger radii. The net result is that the geo-
metric feature of the cold front propagates outwards. However these
simulations have only been produced for the central regions of clus-
ters, where there is a steep density gradient and the gas temperature
is rising from a cool core.
Large scale gas sloshing in relaxed galaxy clusters has recently
been observed for the Perseus cluster (Simionescu et al. 2012) and
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Abell 2142 (Rossetti et al. 2013), with cold fronts being observed
out to half of the virial radius (r2001) using ROSAT and XMM-
Newton observations, which have a larger field of view than Chan-
dra. The scale of this sloshing is much larger than has been simu-
lated at present, though it is qualitatively similar in terms of its ef-
fects on the surface brightness and temperature structure. The large
scale sloshing appears to result in a spiral pattern of concentric cold
fronts, on opposite sides of the cluster, at ever increasing radius as
they age.
Observations of this gas sloshing at large radii are difficult
due to the decrease in the surface brightness of clusters away from
the cores, and the relatively small field of view and significant vi-
gnetting of the Chandra observations. To search for new cases of
large scale sloshing in cool core clusters, we therefore searched
the cool core clusters of the REXCESS sample of galaxy clusters
(Bo¨hringer et al. 2007). REXCESS is a representative sample of 31
clusters (with 10 cool cores) at z∼0.1, which spans a wide range
in luminosity, temperature and mass. It was designed to prevent
bias in X-ray morphology or central surface brightness, and should
therefore allow us to begin to understand how common large scale
sloshing is for a representative sample. The redshift and masses of
1
r200 is the radius within which the mean mass density is 200 times the
critical density for a flat universe.
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Figure 1. Top Left:Exposure corrected, background subtracted, point source subtracted and adaptively smoothed mosaic X-ray image in the 0.7-7.0 keV band
from XMM-Newton. Top Right: Chandra image of the same region in the 0.7-7.0keV band, showing two central cold fronts which cannot be fully resolved
in the XMM image. Bottom Left:Residuals of the 0.7-7.0keV XMM-Newton image after dividing by the azimuthal average, showing the prominent swirling
excess to the south. The original image was binned into a Voronoi tesselation with each region containing at least 100 counts. After division by the azimuthal
average the image was then smoothed with a Gaussian kernel Bottom Right: Temperature map for the same region as the other panels, showing that the southern
excess swirl in the surface brightness residuals corresponds to colder gas. The Chandra data have been used for the central 300kpc of the temperature map,
and the XMM-Newton data for the regions outside 300kpc. All of the panels have had their coordinates matched.
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Figure 2. Left: Temperature profile across the eastern inner cold front (CF1) observed in the Chandra data. Right: Temperature profile across the western cold
front observed with Chandra (CF2). In both cases the positions of the surface brightness discontinuities due to the cold fronts are indicated by the vertical
dashed lines.
the clusters were chosen to ensure that the entire cluster fitted into
the XMM-Newton field of view, allowing complete coverage of the
clusters to be made, which is ideal for our search for large scale gas
sloshing.
Here we present results from the cool core cluster from the
REXCESS sample with the most prominent large scale sloshing
features, RXJ2014.8-2430 (hereafter RXJ2014), which is a massive
(M500=5.4×1014 M⊙, from Pratt et al. 2010) cool core cluster at
z=0.154. It is the strongest cool core REXCESS cluster, having the
highest central gas density (neh(z)−2 = 0.1291 cm−3 at 0.008r500)
and shortest gas cooling time (tcool = 108.74 yr at 0.03r500) as
found in Haarsma et al. (2010).
We use a standard ΛCDM cosmology with H0 = 70 km s−1
Mpc−1, ΩM = 0.3, ΩΛ=0.7. All errors unless otherwise stated are
at the 1 σ level.
2 IDENTIFYING RXJ2014 AS A LARGE SCALE
SLOSHING CANDIDATE
2.1 XMM-Newton data
We examined the XMM-Newton data for the 10 cool core clusters
in the REXCESS cluster sample using the XMM Extended Source
Analysis Software (Snowden et al. 2008). Images for each clus-
ter were created following the process described in Walker et al.
(2013) and described briefly as follows. We ran EMCHAIN and
MOS-FILTER on the MOS data and EPCHAIN and PN-FILTER on the
pn data. Point sources were then removed using the task CHEESE.
Quiescent particle background fields were created using MOS-
BACK and PN-BACK. We then obtained background subtracted, ex-
posure corrected and point source removed images of each cluster
in the 0.7-7.0 keV band, mosaicking together the MOS1, MOS2
and pn data using the task MERGE COMP XMM.
Next we binned the images into a Voronoi tesselation using
the method of Diehl & Statler (2006), with each region contain-
ing at least 100 counts, thus reducing the noise in the images. We
then divided each image by its azimuthal average from the centre of
the clusters, allowing us to observe the residuals to search for the
characteristic large scale swirl excess characteristic of large scale
sloshing. The cluster RXJ2014 demonstrated the most prominent
large scale swirl feature, shown in the bottom left panel of Fig.
1, extending out to around 800 kpc from the cluster core. The ex-
posure corrected, background subtracted and point source removed
XMM-Newton image of RXJ2014 in the 0.7-7.0 keV band is shown
in the top left panel of Fig. 1. We attempted to fit elliptical models
to RXJ2014 and examined the residuals from fits to these elliptical
models, but the sloshing feature to the south east remained, indicat-
ing that it is a robust feature.
2.2 Chandra data
In addition to the XMM-Newton data, we also analysed Chandra
ACIS-S data of the central regions of the cluster. The superior, sub-
arcsecond spatial resolution of Chandra allows us study the central,
small scale features while the larger field of view and effective area
of XMM-Newton allows the larger scale sloshing structure to be
studied. A detailed understanding of the cluster therefore requires
a combination of the two observatories to exploit their complemen-
tary strengths. The 0.7-7.0keV Chandra image is shown in the top
right hand panel, showing two clear surface brightness disconti-
nuities on opposite sides of the cluster (one at 60 kpc to the east
and one at 100kpc to the west), similar to commonly observed cold
fronts.
The details of the observations studied are summarised in Ta-
ble 1.
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Table 1. Observational parameters of the pointings
Obs. ID Observatory Total clean exposure
per detector (ks)
11757 Chandra 20
0201902201 XMM-Newton 21.5
3 SPECTRAL ANALYSIS
We binned the Chandra image of the central 300kpc of the cluster
into regions containing at least 1500 counts using the contour bin-
ning method of Sanders (2006), which follows surface brightness
contours. Spectra were then extracted using DMEXTRACT, with re-
sponse files created using MKWARF and MKACISRMF for each re-
gion. The details of the background subtraction and spectral fitting
are the same as described in Wang & Walker (2014). In short we
used stowed backgrounds, scaled to match the 9-12 keV count rate,
to remove the particle background. We then used Rosat All Sky
Survey (RASS) data for a background annulus around the cluster
between 30-60 arcmins to model the components of the background
emission, which was modelled as an absorbed powerlaw for the
cosmic X-ray background, added to an unabsorbed and absorbed
thermal APEC component representing emission from the local hot
bubble and the galactic halo respectively. The background com-
ponents were scaled according to the difference in geometric area
between the background and foreground regions.
We then fit each region in XSPEC in the 0.7-8.0 keV band with
an absorbed APEC component, allowing the temperature, abun-
dance and normalisation to be free parameters. In all of the spectral
fitting we fixed the column density to 13.1×1020cm−2 as has been
found in Croston et al. (2008), and fixed the redshift to 0.154. All
spectral fits were performed in XSPEC 12.8.1j using the extended
C-statistic.
For the XMM data we binned the merged MOS1, MOS2 and
pn image into a Voronoi tessellation with each region containing
at least 2000 counts. We then followed the spectral extraction and
background modelling method of Walker et al. (2013), which uses
the XMM-ESAS software, fitting the MOS and pn data simul-
tanously. Each cluster emission region was then modelled as an ab-
sorbed APEC component in the same way as the Chandra data. Due
to the brevity of the observations it was not possible to spatially
map the metal abundance corresponding to the surface brightness
features.
We combined the resulting Chandra and XMM-Newton tem-
perature maps to produce the temperature map shown in the bottom
right panel of Fig. 1. This allows us to exploit the higher spatial
resolution of Chandra in the central regions to map the central cold
fronts (CF1 and CF2), while using the XMM-Newton data for the
outer regions to exploit its larger field of view and effective area.
4 DISCUSSION
The inner two cold fronts are clearly visible in the Chandra data,
indicated as CF1 and CF2 in the top right panel of Fig. 1. The tem-
perature profiles over these two cold fronts are shown in Fig. 2,
showing the abrupt temperature rise outside the surface brightness
discontinuities.
The temperature is also clearly lower to the south of the clus-
ter in the region which coincides with the swirl of excess emission,
Figure 3. Same as the bottom left panel of Fig. 1, showing the residuals fol-
lowing division by the azimuthal average surface brightness profile. Spec-
tra were extracted from the XMM-Newton data for the green sectors shown
here, inside and outside the proposed cold front. The measured tempera-
tures are shown (in units of keV), with the temperature being higher outside
the surface brightness discontinuity in the lower density region, indicating
that this is indeed a cold front at large radius and not a shock feature.
indicating that we are seeing an old, large cold front (CF3 in the
bottom left panel of Fig. 1) which has risen outwards. This con-
clusion is strengthened by measuring the ICM temperature imme-
diately inside and outside of the southern excess, using the sector
regions shown in Fig. 3. For the sector inside cold front 3, the tem-
perature is 4.0+0.2−0.2 keV, while for the sector outside the temperature
is 5.5+0.7−0.5 keV. This temperature jump outside the surface bright-
ness discontinuity confirms that this is a cold front rather than a
shock. Further evidence that this is a cold front is provided by the
fact that the pressure profile is continuous across the surface bright-
ness discontinuity, as shown in Fig. 4.
The location of the outermost southern cold front is 810 kpc
from the cluster core, which is 0.7r500 or ≈0.5r200 (using the value
of r500=1155 kpc obtained for this cluster in Croston et al. (2008),
and then using the common approximation of r500=0.66r200). This
places the cold front at roughly the same distance from the cluster
core as that observed for the outermost cold front in Abell 2142 in
Rossetti et al. (2013), and for the eastern cold front in the Perseus
cluster observed in Simionescu et al. (2012).
In Fig. 5, we compare the radii of the three cold fronts with
those observed in the Perseus cluster and in Abell 2142 as a fraction
of the scale radius r200 to account for the different masses of the
clusters. The innermost two cold fronts are closer together than for
Abell 2142, and are more similar to those in Perseus. The three
cold fronts are at very similar radii to those in the Perseus cluster.
Interestingly, the outermost cold front in all three clusters lies at
essentially the same scale radius, (0.46r200).
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Figure 4. Plots of the pressure (top) and surface brightness (bottom) profiles
across the southern cold front, showing the pressure to be continuous across
the surface brightness discontinuity.
Figure 5. Comparing the cold front locations in RXJ2014 with those in the
Perseus cluster and in Abell 2142.
It is most likely that the outer cold front formed from an ear-
lier, different merging event to the one which has formed the in-
ner cold fronts due to the lack of intermediate cold fronts con-
necting them, and the fact that simulations indicate that the cold
fronts should become more difficult to see the further out they are.
The similar scaled radii of the cold fronts in RXJ2014, Perseus and
Abell 2142 may indicate that the time interval between significant
minor merger events in these clusters is similar when scaled appro-
priately.
At a redshift of z=0.154, this is the highest redshift galaxy
cluster in which large scale gas sloshing has been observed. The
fact that RXJ2014 is a strong cool core cluster, with a very low cen-
tral entropy (1.75±0.26 keV cm−2 , Pratt et al. 2010) indicates that
the process causing the large scale sloshing is not violent enough
to disrupt the cool core. This provides further tests for simulations
attempting to reproduce the observed features, which span more
than an order of magnitude in distance from the inner cold front at
60kpc, to the outer one at 810kpc.
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